Basic understanding of the driving forces of ion conduction in solids is critical to the development of new technologically relevant solid-state ion conductors. Physical understanding of ion conduction is limited due to strong deviations from harmonic vibrational dynamics in these systems that are difficult to characterize experimentally and theoretically. We overcome this challenge in superionic AgI by combining THz-frequency Raman polarization-orientation measurements and molecular dynamics computations. We demonstrate experimentally the presence of anharmonic relaxational motion and establish via molecular dynamics that a component of this relaxation arises from the iodine host lattice and is coupled to diffusion of Ag. Our findings demonstrate clear signatures of strong coupling between the host lattice and mobile ions that is important to the diffusion process. Additionally, we present a dynamic structural model that completely accounts for all features of the Raman spectrum, after more than 40 years without a full interpretation.
Solid-state ion conductors (SSICs) are promising materials for replacing liquid ion conductors used in many important technological applications such as batteries, fuel cells, and supercapacitors, because they are typically non-flammable and could enable higher energy densities [1] . According to traditional ionic transport models ( Fig. 1a ), long-range ionic diffusion in SSICs involves thermally-activated site-to-site hopping of mobile ions in a host lattice of non-diffusing ions. Migration barriers are overcome when mobile ions obtain sufficient thermal energy. The hopping frequency of the mobile ion is estimated using a harmonic phonon description or included phenomenologically in traditional models [2] [3] [4] [5] [6] . Therefore, these models cannot capture the effects that arise when the mobile ion enters the saddle point region between local quasi-equilibrium geometries, which is an intrinsically anharmonic part of the potential energy surface ( Fig. 1a) [2, 3, 5] . It is in this region that vibrations of the mobile ion and host lattice may become coupled, changing the potential energy surface of the mobile ion, and potentially modifying significantly the migration barrier [2] . Accurately describing the atomic motions in SSICs therefore requires a departure from the harmonic phonon picture, the foundation of solid-state physics for explaining material properties at finite temperatures [2, 3, 5, 7, 8] .
The importance of interactions between mobile ions and host lattice was discussed in recent computational and experimental work, indicating that the host lattice impacts ionic conductivities of SSICs in a way not yet captured by traditional theories [9] [10] [11] [12] [13] [14] [15] . Specifically, recent work has elucidated correlations between physical characteristics of the host lattice and ionic conductivity of SSICs e.g., with regards to its average vibrational * david.egger@tum.de † omer.yaffe@weizmann.ac.il frequencies, mechanical softness, polarizability, and coordination geometry [9] [10] [11] [12] [13] [14] [15] . However, major experimental and theoretical challenges have so far hindered direct observation and identification of anharmonic effects in the coupling of host lattice and mobile ions potentially present in SSICs. Since this coupling cannot be captured in harmonic approximations of ionic conductivity, sophisticated analyses of molecular dynamics (MD) computations are required to detect it [13, 14, 16] . Spectroscopic investigations of vibrational dynamics in SSICs must contend with the pronounced dynamic structural disorder that originates from hopping of mobile ions within a partially populated set of sites ( Fig. 1b ). In fast ion-conducting SSICs, this can result in the breakdown of phonon quasiparticles [8] , and broad features are observed in the vibrational spectrum that are difficult to resolve and interpret because there is no analytical foundation for quantifying spectral properties of systems that show dynamically broken translational symmetry [8, [17] [18] [19] [20] . Therefore, full interpretation of the vibrational spectrum of even α-AgI , the best-understood and longest-studied superionic SSIC, still remains unresolved, 40 years after first measurements were reported for this material [17] [18] [19] [20] [21] [22] . Resolving these issues and providing a detailed account of vibrational coupling between mobile ion and host lattice is anticipated to provide major conceptual insights with regards to the role of significant anharmonicities in the ionic conductivity of SSICs.
In this letter, we demonstrate an approach to overcoming these challenges by combining cutting-edge THz frequency Raman polarization-orientation (PO) measurements and MD computations. The approach is used to investigate the relationship between the dynamics of mobile ions and of the host lattice in the archetypal SSIC α-AgI (ionic conductivity of ∼1 S/cm at 443 K). We identify strongly anharmonic relaxational atomic motions in the iodine host lattice and establish that they are coupled arXiv:1911.07492v1 [cond-mat.mtrl-sci] 18 Nov 2019 to Ag motion. On the path to this result, we resolve the Raman spectrum of α-AgI with a novel structural model that accounts for all the features observed in the Raman spectrum, the interpretation of which has remained in doubt since the 1970s [17] [18] [19] [20] [21] [22] . Finally, we reveal that the iodine relaxational motion is a key enabler of the outstanding ionic conductivity properties of this prototypical SSIC material, demonstrating the significance of coupling between host lattice and mobile ion for the functional properties of this system.
α-AgI has a cubic structure, with I atoms occupying BCC lattice sites and Ag atoms occupying interstitial tetrahedral sites ( Fig. 1b ) [23] [24] [25] [26] [27] . Diffraction studies show that the average space group of the crystal is Im3m [23, 24, 26, 28, 29] . There are 6 tetrahedral sites available per Ag atom, and the Ag ions dynamically hop between these sites giving rise to the observed ion conductivity. Since all Ag ions participate in hopping and have a mean residence time of just 2-3 ps, [5, 25, 30, 31] hopping breaks the translational order of the Ag sublattice to below the unit cell level. This means that standard analytical techniques [32] based on the known average space group cannot be applied to the real-time structure to determine the expected number and symmetries of vibration.
We find that PO Raman measurements on α-AgI single crystals enable us to overcome this obstacle. In the PO method, the Raman spectrum of a single crystal is excited with polarized light whose orientation is rotated stepwise through 360 • in the plane of the probed crystal face. The resulting spectral response is filtered for polarizations parallel and perpendicular to the excitation (see methods in supplemental material (SM) [33] ) [34] . This method probes the components of the Raman tensor, from which mode symmetries and consequently a structural model can be derived [34, 35] . Fig. 2a shows intensity maps of the PO Raman response of α-AgI for the parallel and perpendicular polarization configurations at the relevant temperature of 443 K (measurements for 583 K and 723 K are presented in Fig. S1 [33] ). Both polarization configurations are required to establish a complete and consistent symmetry determination for each feature. Remarkably, all of the Raman spectral features are found to exhibit clear periodicities in intensity as a function of orientation in both polarization configurations, which is very surprising since this establishes specific symmetries for these features and indicates clear structural order. This is in contrast to prior interpretations of the α-AgI Raman spectrum, which have primarily ascribed the spectrum to disorder-induced scattering or a liquidlike scattering response, both of which cannot show any periodicity with orientation (see Fig. S2 [33] ) [19] [20] [21] [22] . As such, our finding is striking since it signifies a high degree of order that must be reconciled with the high degree of dynamic structural disorder expected from the presence of highly mobile Ag + ions.
The unique Raman intensity response in PO enabled us to discover the fundamental features of the α-AgI vibrational spectrum for the first time. To identify each feature, we individually fit each spectrum in the dataset (see SM for fit methodology [33] ). Representative spectra and corresponding fits are shown in Fig. 2b , and the quantified PO response of each feature is shown in Fig. 2c . The PO Raman response of α-AgI can be fully characterized by four spectral features with frequency and width that are consistent across all spectra in the dataset (Table S1 [33]), indicating that these features are the fundamental components of the spectrum. [36] These features consist of one central component (fit by a Debye relaxor) and three broad peaks (each fit with a damped Lorentz oscillator).
A fundamental tenet of solid-state physics is that the average crystal structure can be used to predict the number and symmetries of the normal modes of vibration [32] . However, the average Im3m space group of α-AgI under-predicts the number of Raman features we have observed and their symmetries because it cannot capture the lower symmetry real-time structure which Raman is sensitive to ( Table S2, Table S3 [33]). In the other extreme, liquid-like or disorder-induced light scattering models, in which symmetry is completely lost, would predict no PO Raman dependence as can indeed be observed for liquids ( Figure S2 [33] ).
Instead, we find that a 'local tetrahedral oscillator' model of vibrations in α-AgI predicts the number of Raman features we have observed, their symmetry, and their PO response (Fig. 2c , see model details in SM, Table S3 , and Figure S4 [33] ). In our model, when an Ag + ion hops to a tetrahedral site of the BCC lattice, a transient, orientationally-ordered, local AgI 4 tetrahedral oscillator forms (Fig. 3a ) whose symmetry is probed by our PO Raman measurements [37] . The critical innovation of our model is that the symmetry observed in the PO response is established locally through the AgI 4 units, rather than through the long-range order of a phonon model of vibrations.
The most interesting feature identified from the PO Raman response is the central component (Fig. 2) , which is a categorical sign of anharmonic motion. Central components are a manifestation of relaxational motion (i.e. motion that has no restoring force) in the frequency domain, characterized by a peak centered at 0 cm −1 with a width that is determined by the characteristic relaxation time. In ion conductors, diffusive motion and the polarizability changes due to hopping of ions from one site to another are expected to give rise to a finite zero-frequency value in the vibrational density of states and a central peak in light scattering, respectively [38] [39] [40] . Theoretical work has predicted that the polarizability changes induced by ion hopping in α-AgI are expected to generate a central peak of width <5 cm −1 corresponding to the residence time of the ion, and prior Raman studies have indeed observed such a feature [5, 30, 38, 39, 41] . While limits to our instrument prevented observation of the 5 cm −1 central peak, our measurements clearly exhibit a second, wider (∼25 cm −1 ) central component (Table  S1 [33]), that indicates a different, faster relaxation process. While this component was previously identified, its physical origin and significance were not understood [30] .
Our quantification of the PO response of the central component ( Fig. 2c ) reveals that it is actually composed of two elements, one that is orientation-dependent, and the other being an orientation-independent background ( Figure S5 [33] ). These components correspond to relaxational motions of differing physical origin. First, in regards to the polarization-independent feature, it appears as a background in both the parallel and perpendicular configurations that grows in prominence as temperature increases, but remains fully reversible and does not indicate, for instance, sample degradation effects. The PO response of this element is distinctly 'liquid-like', being depolarized and without orientation dependence (compare to central component of Figure S2 [33] ), a behavior not previously observed in a solid, to our knowledge. The increasing dominance of this element with increasing temperature must indicate a continuous change toward a more fluid-like condition throughout the stability region of the α-phase.
Second, the polarization-dependent element of the central component is identified by its symmetry as one of the fundamental vibrational modes of the tetrahedral oscillator model ( Figure S5 , Table S3 [33]). In a fully harmonic system, this element would present as a normal mode of finite frequency. However, our PO Raman measurements have clearly established that the atomic motions involved are relaxational in nature, and this must be reconciled with its identification as one of the fundamental modes of the tetrahedral oscillator. This can be explained by hypothesizing that this element arises from overdamping of the vibrational motion through direct coupling to Ag + hopping. We further hypothesize that the atomic motion of the mode involves the relaxation of iodine in response to Ag + hopping.
Stimulated by these interesting observations, we in- vestigate via MD the relationship between iodine relaxational motion and Ag diffusion. Our force-field MD simulations at 500 K (see SM [33] ) are qualitatively accurate in capturing the Ag + diffusion coefficient and vibrational density of states ( Figure S6 [33]) [19, 42] . Our approach is to temporally and spatially resolve atomic motions in the AgI 4 tetrahedra of the local tetrahedral oscillator model. Specifically, we investigate dynamically changing tetrahedral geometries by computing trajectories of the I-I-I bond angle θ (Fig. 3a) in one selected AgI 4 tetrahedron. Any deviations of this bond angle from its expectation value, i.e. the 70.5 • angle of the BCC lattice (see Fig. 1a ), indicate distortions to the shape of the tetrahedron. Fig. 3b reports an MD trajectory of θ, which shows very large angular fluctuations that seem to appear on short time scales. As discussed above, the most interesting aspect of the local tetrahedral oscillator model was the low-frequency relaxational motion giving rise to the central component in the PO Raman response.
To probe the atomic motions associated with it, we obtain trajectories of θ retaining only the low frequency (< 5 cm −1 ) dynamics (see SM for further details [33] ). This frequency regime exclusively contains relaxational components that are not present in purely harmonic systems. Fig. 3b demonstrates that θ undergoes fluctuations of up to 10 • from its expectation value in the lowfrequency regime, over a period of up to 10 ps, indicating large, long-lived rearrangements of iodine tetrahedra that arise from anharmonic relaxation events. A series of MD-enabled gedankenexperiments establishes the coupling between the iodine host lattice and Ag + motion. First, stipulating Ag to be fixed with zero velocity at tetrahedral sites, we find that the large amplitude oscillations of θ at low frequency disappear (Fig. 3c ). This indicates that Ag motion (either vibrational and/or hopping) is causally connected with relaxational motion of the I lattice. Second, reversing the roles, we find that freezing I motion impedes Ag diffusion, as evidenced by the mean squared displacement of Ag vs. time (Fig. 3d) , the slope of which is proportional to the diffusion constant. When I atoms are frozen at BCC lattice sites, Ag diffusion is completely stopped, indicating that I tetrahedral faces must expand to enable Ag hopping, consistent with prior findings [2, 3, [43] [44] [45] . When the MD simulation is first allowed to thermally equilibrate with full motion, and then I is frozen at instantaneous configurations obtained as snapshots of the MD simulations, Ag diffusion is hindered by a factor of ∼2 compared to the diffusion under full motion. These findings establish the strong interconnections between relaxational I host lattice motions and the dynamics of Ag.
Several other highly-conductive SSICs also show signs of a broad central component in their Raman response [18, 30, 46] . We suggest that a broad central component and corresponding relaxational motion of the host sublattice are indicators of a good ion conductor. Our indicator brings a physical understanding of microscopic dynamics to ionic conductor design that is not available in current rules of thumb [47, 48] . Moreover, this indicator explicitly includes information about the nature of the lattice dynamics, and specifically points out the need for anharmonic motion of the host lattice.
In conclusion, using PO Raman measurements and MD calculations, we developed a new understanding of the vibrational dynamics of α-AgI . We introduced the local tetrahedral oscillator model in which the α-AgI vibrational dynamics are localized to an AgI 4 tetrahedral configuration. The success of our model demonstrates the value of a local picture of vibrational dynamics in materials with dynamic structural disorder. Within that picture we have identified the presence of anharmonic relaxational motion in our Raman measurements and the MD simulations, which demonstrated an anharmonic relaxational component in the iodine host lattice. Our MD computations indicate that iodine relaxation is causally connected to Ag motion, and vice versa Ag diffusion is strongly impacted by iodine vibrational motion. These results show that anharmonic motion of the host lattice is a critical component of the ion transport process in α-AgI . We hope our findings revitalize the efforts to understand the deep connection between vibrational dynamics and ionic conductivity, and thereby may lead to new SSIC design rules.
